Introduction
The availability of iron (Fe) may control primary productivity in much of the world ocean, particularly in high-nitrate low-chlorophyll (HNLC) regions (Martin and Fitzwater, 1988; Coale et al., 1996; Boyd et al., 2000; Fung et al., 2000) . These Felimited HNLC waters comprise ~30% of the world ocean (de Baar and Boyd, 2000) and thus the supply of Fe to the surface waters of the ocean may play a key role in regulating ocean productivity, the atmospheric CO 2 concentration and climate. In fact, the hypothesis that the glacial-interglacial change of atmospheric CO 2 can be attributed to changes in the atmospheric dust-Fe supply to the Southern Ocean (SO) is plausible, albeit controversial (e.g., Martin, and Fitzwater, 1988; Watson et al., 2000; Maher and Dennis, 2001; Latimer and Filippelli, 2001; Röthlisberger et al., 2004) . Understanding the biogeochemical cycling of Fe in both present and past climate regimes and the role of mineral dust in Fe-mediated carbon sequestration in the oceans is one of the most outstanding issues in climate science today (Martin, and Fitzwater, 1988; Watson et al., 2000; Maher and Dennis, 2001 ).
The SO is one of the largest regions (e.g., Fung et al., 2000; Watson, 2001; Coale et al., 2004) of the world ocean where phytoplankton growth rates are limited by micronutrient Fe, although strong grazing pressure, light limitation and silicon limitation have also been suggested (Mitchell et al., 1991; Banse, 1996; Boyd et al., 2001; Coale et al., 2004) . Due to the large silicic acid gradient in the SO surface waters Fe-enrichment would cause diatoms to bloom to the south of the Antarctic Polar Front Zone (see Supplementary Information), whereas nonsiliceous phytoplankton species would likely dominate in waters to the north (Coale et al., 2004) . Therefore, surface waters in the northern subantarctic region of the SO (with low silicic acid but high nitrate) are also referred as high-nitrate low-silicic acid low-chlorophyll (HNLSiLC) (Dugdale and Wilkerson, 1998) . Compared to other Fe-limited regions, the SO is thought to receive the lowest flux of atmospheric dust-Fe (Duce, and Tindale, 1991) and, as a result, oceanic sources, through the upwelling of deep water, resuspension of sediments, remineralization of sinking material and diffusion from the pore waters have often been proposed to be the likely suppliers of Fe to this region (de Baar et al., 1995; Löscher et al., 1997; Watson, 2001) . However, there has been a growing interest in the possible contribution of aeolian dust-Fe to the enhancement of phytoplankton stocks and concomitant drawdown of atmospheric CO 2 in this oceanic region (Maher and Dennis, 2001; Latimer and Filippelli, 2001) . Two major source areas for aeolian dust deposited to the SO are arid and semi-arid regions of South America and Australia (Fung et al., 2000; Ginoux et al., 2001; Zender et al., 2003) . Analysis of remotely sensed data of aerosol optical depth and ocean surface chlorophyll concentration [Chl a] together with the simulated dust-Fe deposition showed a strong correlation between the atmospheric delivery of mineral dust and phytoplankton growth in surface waters of the SO downwind from the Patagonian and south Australian regions (Gabric et al., 2002; Erickson et al., 2003) . Based on this correlation, it has been suggested that phytoplankton productivity in the Antarctic Circumpolar Current (ACC) region of the SO between 40° -60°S is controlled by the rate of supply of atmospheric dust-Fe mainly emanating from Patagonia (Erickson et al., 2003) .
Studies suggesting a link between mineral dust deposition and productivity in the SO are subject to some uncertainties: (i) The individual dust storm event-based analysis of mineral-Fe supply to the surface waters of the SO provided no compelling evidence for a causal relationship between Australian dust deposition and phytoplankton blooms (Boyd et al., 2004) ; (ii) The deposition of mineral dust to Fe-limited surface ocean regions does not necessarily initiate a phytoplankton bloom. While mostly dissolved Fe can be used by phytoplankton, virtually all Fe in soils from arid and semi-arid regions is in a crystalline Fe-III form (Claquin et al., 1999) , dissolution of which is believed to be negligible in first 24 hours after dust deposition to the ocean surface and extremely low thereafter (Jickells and Spokes, 2001; Bonnet and Guieu, 2004) . It has been shown that dust plumes may not always exhibit enhanced soluble Fe levels relative to non-dust days (Meskhidze et al., 2005) . Since Fe-III oxides can be dissolved in acidic solutions, it has been proposed that the fraction of Fe in airborne mineral dust that is mobilized or dissolved (referred to here as the Dissolved Iron Fraction or DIF) during dust transport in the atmosphere can become significant if the dust is sufficiently acidified by the incorporation of sulfuric acid from oxidation of SO 2 (Jickells and Spokes, 2001; Colin et al., 1990; Zhu et al., 1993; Zhuang et al., 1992; Meskhidze et al., 2003) . Meskhidze et al. (2005) recently suggested that the amount of SO 2 entrained from the oxidation of dimethyl sulfide (DMS) alone may not be sufficient to yield the required DIF in dust storms to cause observable changes in marine ecosystem productivity. Considerable amounts of anthropogenic SO 2 mixed with mineral dust may be required to generate large-scale phytoplankton blooms (Meskhidze et al., 2005) . Patagonia, the postulated source region for the dust used for the Fe fertilization of the Atlantic sector of the SO (ASO), is sparsely populated and considered to be one of the most pristine areas of the globe. The amount of SO 2 available for mixing with mineral dust plumes is unlikely to be enough to acidify the dust and solubilize mineral-Fe; (iii) Due to highly dynamic nature of ACC, sampling frequencies significantly higher than the monthly averaged values, used in published mineral dust -phytoplankton growth study (Erickson et al., 2003) , are required to reliably establish a correlation (Meredith et al., 2005) ; (iv) Mineral dust deposition fluxes and phytoplankton productivity downwind from Patagonia have similar seasonal trends: they both reach their maxima during September to March and diminish during austral fall and winter (Trenberth et al., 1990; Gaiero et al., 2003; Lässig et al., 1999) . Therefore, removal of seasonal trends in the temporal anomalies is necessary.
Atmospheric circulation in Patagonia, an extended region of Argentina south of 42°S ( Fig. 1) , is controlled by strong and persistent westerlies (Labraga, 1994) and by the movement of dynamic cyclonic centers (Gaiero et al., 2003; Hoskins and Hodges, 2005) .
The low soil water content, sparse vegetation cover and strong surface winds yield significant dust emissions from Patagonia (Ginoux et al., 2001; Zender et al., 2003) .
Patagonian dust transport primarily occurs between 40°-60°S with the transport path that strongly correlates with the trajectories of cyclonic systems over the Atlantic and Indian Ocean regions of the SO (Hoskins and Hodges, 2005) . The cyclogenesis and prevailing westerly winds that cause dust transport from Patagonia have also been shown to cause strong baroclinic instability in Atlantic and Indian Ocean regions of the SO (Taljaard, 1972; Trenberth, 1991; Nakamura and Shimpo, 2004; Hoskins and Hodges, 2005) .
Number of studies of the Southern Hemisphere "storm tracks" show that interaction of dynamic cyclones with baroclinically unstable frontal jets (see Supplementary Information) may initiate meandering currents and lead to isolated up-and down-welling (Hense et al., 2003) . Due to the high eastward velocities within the frontal zone, the meanders move eastward with typical wavelength of 160-180 km (Hense et al., 2003) .
The vertical velocities in mesoscale up-welling cells in ACC waters range from 5 to 20 m/day, leading to the comparable time scales for transporting cold and nutrient rich waters from below the mixed layer depth (40 to 120 m) and doubling the phytoplankton concentration in surface waters (Hense et al., 2003; Coale et al., 2004) . As eddies contribute to cross frontal and vertical nutrient exchange, whey are often assumed to promote phytoplankton growth (e.g. Hense et al., 2003) .
To explain the strong correlation between aeolian dust deposition and [Chl a] (Erickson et al., 2003) , we suggest an existence of atmospheric circulation pattern in the region that simultaneously causes the uplift and transport of mineral dust from Patagonia and an upward supply of nutrient-rich waters from to the surface waters of ACC. (Unless otherwise noticed, "upwelling" or "upward supply" in this study is thought to primarily occur due to mesoscale circulation and frontal dynamics along ACC.) Such a mechanism, if it exists, would enhance ocean productivity in the ASO through upwelling but would still exhibit a high correlation between [Chl a] and atmospheric dust-Fe flux even if the dust did not contain significant amounts of bioavailable-Fe and thus played no actual role in fostering enhanced biological activity in the region. To check the viability of this mechanism we perform statistical analyses of remotely sensed sea surface temperature (SST) and [Chl a] data. Because relatively uniform near-surface temperatures in longitudinal direction (Peterson and Stramma, 1991) and high concentration of nutrients in the deep waters (Martin et al., 1990; de Baar et al., 1995; Löscher et al., 1997) , SST anomalies can be used as a proxy for upwelling in ACC; i.e., negative SST anomalies would point to the regions where ocean productivity is likely to be supported by upward supply of relatively cold waters with enriched concentrations of nutrients (e.g., bioavailable-Fe). By examining the correlation of the weekly anomalies, we assess the response of [Chl a] departures to those of SST (see below). The correlation analyses is carried out in ASO between 20°S to 80°S and 80°W to 40°E (hereinafter referred to as study area) and the relative importance of oceanic and atmospheric sources of Fe are examined in the perspective of conditions needed for mobilization of mineral-Fe into bioavailable form (Meskhidze et al., 2005) . shows that most of the zones display considerable negative correlation between SST and
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SST and [Chl a] correlation calculation
The correlation is typically highest during the austral summer and fall likely caused by the shoaling of mixed layer depth (Hense et al., 2003) and increase in the zonal wind stress (Trenberth et al., 1990) , making it easier for nutrients from below euphotic zone to be uplifted to the surface ocean. During austral summer and fall seasons, the SST and solar irradiance levels in ACC are also sufficient for sustaining high rates of photosynthesis (Moore and Abbott, 2002 from the same week, depending on cloud cover, parameters chosen for the weekly averages may be from different days. The correlation is farther hampered by geostrophic transport along the frontal jets (Strass et al., 2002) ; simulations of the regional ecosystem dynamics in the ACC show (in agreement with observations (Strass et al., 2002) ) that in the meandering current, low phytoplankton concentrations can coincide with upwelling spots, whereas maximum [Chl a] concentrations can occasionally occur in downwelling areas (Hense et al., 2003) . Eddies and cross-frontal circulation, sporadically produced by baroclinic instability along frontal currents can lead to redistribution of major nutrients and phytoplankton between surface and deep ocean. Newly-upwelled water near the surface has low [Chl a], but is rich in nutrients and therefore can sustain phytoplankton growth during its advection, until water is downwelled on the side of the meander ridge (Hense et al., 2003) . If horizontal advection in ACC currents is fast enough to move the fertilized water masses outside of the MODIS observed grid domain, it can significantly lessen negative correlation between SST and [Chl a] and even reverse its sign. Other factors such as silicic acid, light limitations and the grazing pressure may also be significant at times. Therefore, highly complex behavior of ecosystem dynamics in ACC region can not be fully resolved by remotely sensed data; instead, in situ observations and comprehensive three-dimensional ocean-plankton models are required to fully account for the surface ocean -chlorophyll dynamics (Hense et al., 2003; Pollard et al., 2002) .
The absence of correlation between SST and [Chl a] signals in the large
phytoplankton bloom area close to South Georgia Island (zone 7 on Fig. 2a) can be explained by considering the possible mechanism for the bloom formation in these waters. Korb and Whitehouse (2004) suggest that anticyclonic circulation near South Georgia is capable of enriching the surface waters by sedimentary micronutrients (e.g., Fe) from the bottom waters and the island's shelf. Reduced surface mixing and the retention of water near the surface caused by anticyclonic circulation can also result in stability and elevated temperatures initiating large phytoplankton blooms (Meredith et al., 2003; Korb and Whitehouse, 2004) . Such mechanisms of bloom formation are not captured by the objective analysis used here and therefore, display no significant correlation between SST and [Chl a] anomalies in this region (Fig. 3) .
Large bloom in the South Georgia region
As the precise mechanism for the bloom formation near South Georgia Island remains poorly understood (Korb and Whitehouse, 2004) , we test the potential role of Patagonian dust deposition in the observed blooms. MATCH results have not been tested extensively against surface observations in the Southern Hemisphere (Luo et al., 2003) , they are suggestive that dust deposition is not a major controlling factor of enhanced productivity near South Georgia Island.
Nevertheless, the detailed analyses of hydrographic data concurrently with in-situ studies of mineral dust composition and soluble Fe fraction may be necessary to unambiguously identify the sources of bioavailable Fe and their controls on biological productivity near South Georgia Island.
Possible Implications to Carbon Cycle in the ASO
Analysis of remotely-sensed MODIS data shows significant negative correlation (-0.3 to -0.6) between SST and [Chl a] spatial anomalies in study area of the SAO. Since SST anomalies in this region can be used as a proxy for upwelled nutrients (e.g., Fe), these correlations are likely to be indicative of a causal relationship between upwelling of nutrient-rich waters and ocean productivity in ASO. This result is consistent with our earlier studies supporting the hypothesis that substantial acidification of aeolian dust prior to it deposition to the ocean may be required to solubilize the large fraction of mineraliron and make it bioavailable (Duce and Tindale, 1991; Zhuang et al., 1992; Zhu et al., 1993; Spokes and Jickells, 1996; Desboeufs et al., 2001; Meskhidze et al., 2003; .
In conjunction with previously shown high correlation between mineral dust-Fe deposition and [Chl a] (Erickson et al., 2003) , results of this study suggest the existence of a meteorological mechanism that simultaneously uplifts and transports mineral dust from Patagonia and drives deep-water upwelling of nutrients (e.g., dissolved-Fe) to the surface waters of the ASO.
To the extent that biological activity in this region plays an important role in global carbon cycle, the results presented in this study in conjunction with our previous analysis of mineral dust transport (Meskhidze et al., 2005) suggest that mere changes in the dust-Fe supply (perhaps without significant increase in sulfur sources) may not exert considerable influence on the drawdown of atmospheric CO 2 in the ASO. So, if past changes in the supply of bioavailable Fe to the ASO have played nontrivial role in determining the atmospheric CO 2 , the hypothesis about the required acidity for mobilizing significant fraction of DIF in dust may prove to be invaluable in understanding the dynamics of the past climate. 
Supplementary Information Ocean circulation
The eastward flow of ACC is not uniform, but dynamically constrained into narrow bands of fast flowing currents (fronts) that are identified in Fig. S1 ) as, from north to south, the Subtropical Front, the Subantarctic Front, the Polar Front and the ACCWeddell Gyre Boundary (Peterson and Stramma, 1991) . Because of high stratification of the ACC fronts, the banding is based on the observations of sharp stepwise changes in surface temperature and salinity (Peterson and Stramma, 1991) . Additional South Atlantic currents relevant for our analysis are the Malvinas (Falkland) and Brazilian Currents (Fig. S1 ). Temperature-salinity relations and horizontal distribution of density and nutrients suggest that the Malvinas Current is a branch of the ACC that, after passing through the Drake Passage (Fig. 1) , flows northward along the continental shelf of Argentina until it reaches the oligotrophic waters of the Brazil Current at about 40°S. At this point, the current retroflects back toward the south creating the Brazil-Malvinas
Confluence Zone (Peterson and Stramma, 1991) . Observations of sharp gradients in temperature, salinity and nutrients are often used to identify the boundary between the northward-flowing strong, relatively fresh, cold and nutrient-rich Malvinas Current and the southward-flowing weak, warm, and nutrient-poor Brazil Current (Brandini et al., 2000) . Because MODIS is not able to monitor ocean surface conditions through clouds, there is a significant amount of patchiness in the data for any given satellite pass over the subantarctic South Atlantic Ocean. More complete spatial coverage can be obtained by compiling the results from multiple passes of the satellite over the same region. In this work we make use of weekly mean values of MODIS SST and ocean color data products (MO04MW), with each weekly mean being composite of data from 8 satellite passes.
Each weekly-averaged composite used is a level 3 mapped product with 39 km special resolution and is contained in the associated HDF-EOS files. Detailed documentation on MO04MW data products can be fond on the web at: //daac.gsfc.nasa.gov/MODIS/ Terra/ocean/MO04MW.shtml.
WebWinds
Satellite images shown here were prepared using WebWinds interactive science data visualization system applied to the aforementioned MODIS level 3 weekly-averaged products. This WebWinds software is written in Java and available for all major computer platforms. Software is able to read and geo-reference MODIS level 1-3 data and display it as a false color image over a digital elevation map on a globe or plane.
WebWinds is distributed by Open Channel Foundation (on the web: www.
openchannelsoftware.com/projects/WebWinds/).
